Increase in apparent compressibility of cytochrome c upon oxidation ( 
WVrms (ferro cyt c) = 1.3. When an individual molecule is considered as a system, Cooper (1) has pointed out that proteins are sufficiently small that the fluctuations in the various thermodynamic functions become significant with respect to the mean values of these functions. For a protein with a molecular weight of 25,000 the root mean square (rms) fluctuation in internal energy of an individual molecule at room temperature is equivalent to about 40 kcal mol' (1 kcal = 4.18 kJ). One might note that this is larger than the mean stabilization energy of native proteins, frequently quoted as about 10 kcal mol' (2) . The fluctuation in internal energy is proportional to the heat capacity at constant volume. Similarly, the fluctuation in volume of the molecule is related to the isothermal compressibility. Measured macroscopic properties, such as heat capacity or compressibility, refer to the system as a whole-i. e., protein plus the solvent-and properties of the protein component are derived from the concentration dependence of these bulk parameters.
Amide protons in the interior of proteins, which appear to be completely removed from solvent contact in the equilibrium x-ray structures, are known to exchange with solvent protons, albeit frequently very slowly (3) (4) (5) . This exchange implies changes in the relative position of protein atoms such that each amide is brought in contact with the solvent at a frequency at least adequate to accommodate the observed hydrogen exchange kinetics. The extent of the motion and the degree of solvent contact required for successful exchange are subjects of some discussion in the field. Whatever the magnitude, the ease with which these motions occur should be related to the deformability ofthe protein and, in turn, to fluctuations in volume 815 and thus to a compressibility that can be experimentally assessed.
An individual small molecule is virtually incompressible because covalent forces must be overcome to change its volume (6) . Consequently, the dominant contribution to the measured compressibility in a solution of many such molecules is the intermolecular accessible free volume. Macromolecules, on the other hand, occlude a cavity region from the solvent. These cavity volumes can appreciably change via low-energy fluctuations in noncovalent interactions within a single molecule, as suggested much earlier by Jacobson (7) .
Based on the earlier "mobile defect" hypothesis ofLumry and Rosenberg (8) and the solvent penetration model for hydrogen exchange [see review by Woodward and Hilton (5)], Richards (9) has estimated that cavity enlargement, sufficient to permit entry of water into a protein, may occur through volume fluctuations caused by thermal motion at temperatures far below the transitions associated with major structural changes. Present theories of protein structure and fluctuation are not sufficiently detailed to derive expected volume fluctuations unequivocally. The compressibilities inferred from the required volume fluctuations do not appear to be unreasonably large and the trend of current predictions is clear: an increase in compressibility should be accompanied by an increase in mean hydrogen exchange rate. The difference measurements reported here were designed to test this hypothesis.
The interpretation of sound velocity and compressibility measurements on protein solutions is complicated by the inability to separate rigorously the properties of the protein from the influence it exerts on the solvent properties (10, 11) . To circumvent the difficulty of separating a solution measurement into protein and solvent components, we have examined a system that requires only the interpretation ofdifferences in compressibility between two nearly identical protein solutions.
Ferri-and ferrocytochrome c differ by only one electron, and crystallographic evidence indicates they have virtually identical structures. Yet, several solution properties suggest a more open, flexible structure for oxidized cytochrome c. Ulmer and Kagi (12, 13) have shown that the hydrogen exchange rates of oxidized and reduced cytochrome c differ significantly, as monitored by changes in infrared absorption in the amide NH region. At pH 7 the difference corresponds to an increase in mean rates of about 30-fold in going from the reduced to the oxidized form. Patel and Canuel (14) monitored the exchange of a number of resolved amide resonances in the proton NMR spectrum of cytochrome c, in which each resonance peak corresponded to one or only a few protons. Observing matched peaks in the two spectra, they found that the transition from reduced to oxidized state caused exchange rates to increase by factors of 2 to 75.
Abbreviations: rms, root mean square; cyt, cytochrome.
Our experimental conditions-pH 7.15, low salt concentration, and 250C-were chosen to avoid: (i) the known differential anion binding to ferricytochrome c at higher pH (15) The protein concentrations were determined spectrophotometrically at 550 nm (Cary 219), using the reduced minus oxidized millimolar extinction coefficient of 21.1 mM'-cm-1 reported by Van Gelder and Slater (19) and Watt and Sturtevant (20) . For conversion to weight concentrations, the molecular weight of ferricytochrome c was taken as 12,835 and ferrocytochrome c as 12,803, as described below.
At pH 7.15 the net charge of the ferri enzyme is +7.1 and that ofthe ferro enzyme is +6.6 as estimated from titration data (21, 22 ferri cyt c Psolution (g ml-') = 0.99761 + 0.2712 wp [1] ferro cyt c Psolution (g ml-') = 0.99761 + 0.2690 wp. [21 The standard deviation of the coefficient for the ferri data was 0.0012 g ml-' and for the ferro data it was 0.0006 g ml-'. The same data may also be plotted as [(1 -wp)p]-' vs. wp(1 -w r-, Again the data were satisfactorily fit by straight lines, the siope of which represent the apparent specific volumes:
ferri cyt c i3apparent = 0.7308 ± 0.0013 ml gferro cyt c~a pparent = 0.7331 ± 0.0006 nl g-.
[3]
[4] Within the accuracy ofthe data these apparent specific volumes are independent of concentration.
The sound velocity data are shown in Fig. 1 and can be summarized as: U (ferri cyt c) = (1.49470 ± 0.3059 wtv) x 105 cm sec-1 [5] U (ferro cyt c) = (1.49743 + 0.3789 wtv) x 105 cm sec1. [6] These measurements directly yield the adiabatic compressibility, Ps: The high degree of similarity of the average structures of the 2m' dyne-' [8] two forms is also indicated by the extended x-ray absorption fine L cm2 dyne-l [8] structure (EXAFS) spectra, which reflect the immediate en-2 -1 vironment of the heme iron atom (29) . No changes in the cocm dyne . [9] ordination geometry of the iron atom could be detected.
s of the slopes are
There is a contrary indication to the structural similarity.
vely.
Fisher et al. (30) reported that the intrinsic viscosity of the fer- (24) , were calcuricytochrome c is 2.5 ml g-I at 25°C, whereas that ofthe reduced form is 2.2 ml g-'. This decrease was considered consistent with the then available x-ray data, which indicated a more compact f3[1Mp structure for the ferro form. With the x-ray difference dramatPsolent [10] ically reduced during subsequent refinements, the viscosity data remain to be explained. The increased flexibility of ferricytochrome c over the reduced form had been inferred earlier from various measurements in solution [see review by Salemme (32) ]. Watt and Sturtevant (20) concluded this directly from their study of heat capacity changes. Alterations in low-frequency vibrational modes are strongly implicated. The general importance of such modes to the dynamic behavior of proteins has been suggested by Sturtevant (33) . (Note that thermodynamic relationships require that our observed difference in compressibility be reflected in a difference in heat capacity.)
The hydration shell ofany protein is still not well understood. The components of the protein structure most often cited as relevant are: the nature and distribution of the surface groups with formal charges, the uncharged but polar groups, and the geometry of the nonpolar regions. We have calculated the surface area for ferri-and ferrocytochrome c, following the method of Lee and Richards (34) . As with the coordinate comparisons, differences between ferri and ferro accessible areas, residue by residue, were no more than the differences between the two ferri structures. While the calculated areas are sensitive to the choice ofvan der Waals radii, the total area for the ferro enzyme, about 5600 A2, is about 100 A2 greater than that ofthe ferri form. The totals for the two ferri forms may differ by as much as 60 A2. In all cases, 24% ofthe surface area is attributable to peptide backbone with the remaining 76% distributed equally between polar and nonpolar atoms. Whatever contribution the solvent interaction with each of these regions may make to the overall hydration of the molecule, one would expect that ferri-and ferrocytochrome c would have nearly identical hydration layers.
In deriving apparent molal quantities, such as FKs, all of the solvent is assumed to have the property of the bulk solvent. All variations in the values ofthe property for solutions is attributed to the solute. Where there are strong interactions between the solute and the solvent, the property of this system is reflected in the derived apparent molal quantity. Thus, whereas the measured bulk compressibility is never negative, the derived apparent compressibility of the solute can be. The existence of such a value, as in the present case for the ferro enzyme, indicates a hydration layer with properties significantly different from those of the bulk solvent. On the basis of the discussion given above, we suggest that the difference in compressibility of the hydration layers of the ferro and ferri forms is unlikely to be large and that the observed differences between the solutions ofthe two forms ofthe enzyme are due to compressibility changes in the protein component itself.
Our structural interpretation of the distinction between the forms of cytochrome c is necessarily qualitative. Although ferriand ferrocytochrome c have almost the same mean conformation, following Salemme (32), we would suggest that the timedependent deviations from this conformation differ. The greater apparent compressibility of the ferri form arises from the larger or more frequent excursions from this structure compared to the less compressible ferrocytochrome c. Apparently, the ferri molecule has a greater number of states readily populated through thermal motion at 250C. The extent to which these states differ from the mean structure is difficult to estimate. Both forms of cytochrome c are extremely thermally stable (35, 36) . At pH 7 no technique has revealed a thermally induced transition below 53°C for either oxidation state. The visible spectra of the two forms at pH 7.0 and 25°C are unaffected by hydrostatic pressure up to 8000 kg cm-2 (780 MPa) (37 (38) .
Assume also that the density of the water solvating the protein is the same as that ofbulk water and that there is 0.3 g water of hydration per g ofprotein. Taking the compressibility of this water to be that of ice, 18 x 10-12 cm2 dyne-' (38) , we obtain from (3, shown in Fig. 1 (9) . It is reasonable to assume that the difference in volume fluctuations found here would be sufficient to explain the difference in exchange rates in cytochrome c as a function of oxidation state.
The differential amide hydrogen exchange behavior as well as the change in compressibility between ferr-and ferrocytochrome c must be a direct physical consequence of the formal charge on the iron. The successful prediction of individual pK values, overall protein titration behavior, and pH-dependent stability by using a solvent accessibility modification ofthe Tanford-Kirkwood discrete charge electrostatic theory (39, 40) has been reported for ferr-and ferrocytochrome c (41, 42) , using the 2.0-A resolution structures (43) . These calculations provide an expected pK value for each ionizable group as a function of pH from the groups' individual interactive energies with the protein charge configuration. The electrostatic free energy contribution to the stability of the protein structure is calculated by summing the charge site interactive free energies over all sites. In agreement with potentiometric titration data (22) , these calculations predict the release of up to 0.5 proton (depending upon pH) on oxidation of horse cytochrome c. This release results from shifts in histidine pK values that reduce their unfavorable interaction with the ferriheme.
The overall electrostatic contribution to the stability offerriand ferrocytochrome c at pH 7.0 is calculated to be 6.0 and 6.5 kcal/mol, respectively. This difference is in the right direction but would not seem large enough to account for the observed differences in hydrogen exchange and compressibility behavior. However, the destabilizing interactions of lysine and arginine residues with the ferric iron amount to 2.0 kcal/mol. The net changes in stabilizing interactions are predominantly (1.0 out of 1.5 kcal/mol increase) due to the propionic acid-ferric iron interactions. This intraheme stabilization would confer no mechanical counterbalance to the repulsive, destabilizing forces, implying that the protein tertiary configuration of ferricytochrome c is electrostatically destabilized by 1.5 kcal/mol with respect to ferrocytochrome c. This value fits well with the 30-fold change in mean rate of hydrogen exchange.
